We present here the final results of the first spectropolarimetric survey of a small sample of active M dwarfs, aimed at providing observational constraints on dynamo action on both sides of the full-convection threshold (spectral type M4). Our two previous studies Morin et al. 2008b) were focused on early and mid M dwarfs. The present paper examines 11 fully convective late M dwarfs (spectral types M5-M8). Tomographic imaging techniques were applied to time-series of circularly polarised profiles of 6 stars, in order to infer their large-scale magnetic topologies. For 3 other stars we could not produce such magnetic maps, because of low variability of the Stokes V signatures, but were able to derive some properties of the magnetic fields.
INTRODUCTION
Magnetic field is a key parameter in theories of stellar formation and evolution. In cool stars, it powers several activity phenomena, observed on a wide range of wavelengths and timescales, which provide a rough proxy of the averaged field strength. The well-established rotation-activity relation (e.g., Noyes et al. 1984) supports the idea of a dynamogenerated magnetic field in these stars. Larmor (1919) first proposed that the solar magnetic field could be induced by plasma motions, already pointing out the importance of shear (Ω effect) to generate strong toroidal fields and thus explain Hale's polarity law of sunspots. Parker (1955) completed the basic picture of the solar dynamo by introducing the α effect (convection made cyclonic by the Coriolis force) to address the issues of Cowling's anti-dynamo theorem (Cowling 1933) and the regeneration of a poloidal field component from a toroidal one. The αΩ dynamo has thereafter been thoroughly debated and improved (e.g. Babcock 1961; Leighton 1969) . More recently, helioseismology has been able to probe the solar interior and revealed the existence of a thin layer of strong shear located at the base of the convection zone: the tachocline (e.g., Spiegel & Zahn 1992) . Although many aspects of the solar magnetism are still not thoroughly understood, recent theoretical and numerical studies have pointed out the crucial role of the tachocline as the place of storage and amplification of strong toroidal fields (e.g., Ossendrijver 2003; Charbonneau 2005) .
New insight on dynamo processes can be gained from the exploration of magnetic fields of cool stars, probing the dynamo response in very non-solar regimes of parameters (e.g., fast rotation, deeper or shallower convection zone). M dwarfs are particularly interesting since those below ∼ 0.35 M⊙ (e.g., Chabrier & Baraffe 1997) are fully convective and therefore do not possess a tachocline and presumably cannot host a solar-type dynamo. Yet, many M dwarfs are known to be active, and these stars follow the usual rotation-activity relation (e.g., Delfosse et al. 1998; Reiners & Basri 2007; Kiraga & Stepien 2007; West et al. 2004) . However the strong correlation between X-ray and radio luminosities established by Guedel & Benz (1993) for stars of spectral types ranging form F to mid M, is no longer valid for very low mass dwarfs which exhibit very strong radio emission whereas X-ray emissions dramatically drop (Berger 2006) . Magnetic fields were also directly detected at photospheric level through Zeeman effect both in unpolarised (e.g., Saar & Linsky 1985; Johns-Krull & Valenti 1996; Reiners & Basri 2006) and circularly polarised (Donati et al. 2006a ) line profiles.
Spectropolarimetry combined with tomographic imaging techniques is the optimal technique to investigate the magnetic topologies of M dwarfs (see Sec. 3 for more details) . By recovering the large-scale component of stellar magnetic fields, we can provide dynamo theorists with observables directly comparable with their modeling (axisymmetry, relative importance of the poloidal and toroidal components, characteristic scales...). Previous results have already produced strong constraints: Donati et al. (2006a) and Morin et al. (2008a) (hereafter M08a) demonstrated that the fully convective fast rotator V374 Peg is able to trigger a strong large-scale axisymmetric poloidal field steady on a timescale of 1 year; and exhibits a very low level of differential rotation (∼ dΩ⊙
). From the analysis of a sample of early and mid M dwarfs Donati et al. (2008b) and Morin et al. (2008b) (hereafter D08 and M08b respectively) observed a strong change near the theoretical fullconvection threshold: while partly convective stars possess a weak non-axisymmetric field with a significant toroidal component, fully convective ones exhibit strong poloidal axisymmetric dipole-like topologies. Differential rotation also drops by an order of magnitude across the boundary, the observed fully convective stars exhibit nearly solid body rotation. D08 and M08b also report a sharp transition in the rotation-large-scale magnetic field relation close to the fullconvection boundary, whereas no such gap is visible in the rotation-X-ray relation. Considering that X-ray emission is a good proxy for the total magnetic energy, it suggests that a sharp transition in the characteristic scales of the magnetic field occurs near the full-convection limit. This point was further confirmed for a few stars by who report that the ratio of the magnetic fluxes measured from circularly-polarised and unpolarised lines dramatically changes across the fully convective limit. Several theoretical studies have addressed the challenging issue of dynamo action in fully convective stellar interiors. Durney et al. (1993) first proposed that without a tachocline of shear, convection and turbulence should play the main role at the expanse of differential rotation, generating a small-scale field. Küker & Rüdiger (1999) and Chabrier & Küker (2006) performed mean-field modeling of dynamo action in fully convective stars and found purely non-axisymmetric α 2 solutions, indicating that these objects can sustain large-scale magnetic fields. Subsequent direct numerical simulations by Dobler et al. (2006) and Browning (2008) both realized large-scale dynamo action with a significant axisymmetric component of the resulting magnetic field. The latter also achieved magnetic energy in equipartition with kinetic energy and therefore Maxwell stresses strong enough to quench differential rotation, resulting in nearly solid-body rotation. Despite these recent advances, the precise causes of differences between dynamo in fully and partly convective stars are not completely understood, and theoretical studies need observational guidance.
In the present paper, we extend our spectropolarimetric study to 11 late M dwarfs (spectral types ranging from M5 to M8). After a brief presentation of the stellar sample and of spectropolarimetric observations, we describe the main principles of the tomographic imaging process. The ZeemanDoppler Imaging (ZDI hereafter) analysis is then detailed for 6 stars. For 3 other late M dwarfs, it is not possible to derive a definitive magnetic map because of the very low level of variability in the Stokes V signatures, but we can still infer some information about their magnetic topologies. For the very faint stars VB 8 and VB 10, the noise level is too high to allow definite detection of the circularly polarised signatures in individual LSD spectra. By averaging the spectra of each data set, we marginally detect a large-scale magnetic field on VB 10, and show a tentative ZDI reconstruction. We finally discuss these results and conclude on the implications of our study for the understanding of dynamo processes in fully convective stars.
OBSERVATIONS

Presentation of the sample
For this first spectropolarimetric survey, we selected 23 active main-sequence M dwarfs, mostly from the rotationactivity study by Delfosse et al. (1998) , covering a wide range of masses and rotation periods (although for a given mass the extent in rotation period is rather restricted). In the present paper we focus on the low-mass end of the sample (0.08-0.20 M⊙): GJ 51, WX UMa, DX Cnc, GJ 1245 B, GJ 1156 and GJ 3622 are thoroughly studied with tomographic imaging techniques. We also present a brief study of the large-scale magnetic topologies of GJ 1224, GJ 1154 A, CN Leo, VB 8 and VB 10 (section 10).
All these stars are known to show signs of activity in Hα or X-rays (e.g. Gizis et al. 2002; Schmitt & Liefke 2004) , and photospheric magnetic fields have been measured on most of them from the analysis of Zeeman broadening in molecular bands (see below). The main properties of the sample, inferred from this work or collected from previous ones, are shown in Tab. 1.
Stellar masses are computed from the mass-luminosity relation derived by Delfosse et al. (2000) , based on J band absolute magnitude inferred from apparent magnitude mea- Table 1 . Fundamental parameters of the stellar sample. Spectral types are taken from Reid et al. (1995) . Formal error bars derived from our study are mentioned between brackets for M⋆, R sin i, R⋆ (1σ) and Prot (3σ), they apply to the last digit of the preceding number. See Sec. 2.1 for more details and a discussion about uncertainties. Mohanty & Basri (2003) surements of 2MASS (Cutri et al. 2003) and Hipparcos parallaxes (ESA 1997) . Formal error bars, as derived from uncertainties on these measurements are mentioned. The intrinsic dispersion of the relation is estimated to be lower than 10 %. Radius and bolometric luminosity suited to the stellar mass are computed from NextGen models (Baraffe et al. 1998) , formal error-bars on stellar mass are propagated. The accuracy of these models for active M dwarfs is a debated subject (e.g., Ribas 2006) , but recent studies indicate that the agreement with observations is very good for late M dwarfs (Demory et al. 2009 ). For all stars except GJ 51, projected rotational velocities (v sin i) are available from previous spectroscopic studies. The uncertainties on v sin i are typically equal to 1 km s −1 . For each star, we also mention the rotation period (Prot) derived from our analysis (see Sec. 3.3), and R sin i is straightforwardly deduced (with propagated error bar). An estimate of the inclination angle of the rotation axis on the line-of-sight (i) is obtained by comparing R sin i and the theoretical radius. With this estimate the typical error is of the order of 10
• for low and moderate inclinations, and 20
• for high inclination angles, this is precise enough for the imaging process. The effect of these uncertainties on the reconstructed magnetic maps is discussed in Sec. 3.4.
We also mention unsigned magnetic fluxes from the literature (whenever available in Basri 2007 and ) empirically derived from unpolarised molecular (FeH) line profiles. These estimates result from the comparison with reference spectra of an active and an inactive star (corrected for spectral type and rotational broadening) which are used to calibrate the relation between broadening of magnetically sensitive lines and magnetic flux (Reiners & Basri 2006) . The authors estimate that the precision of the method lies in the 0.5-1 kG range. As this method is not sensitive to the vector properties of the magnetic field, the Bf values reflect the overall magnetic flux on the surface of the star. Since Stokes V signatures corresponding to neighbouring zones of fields with opposite polarities cancel each other, our spectropolarimetric measurements are not sensitive to tangled fields and only recover the uncancelled magnetic flux corresponding to the large-scale component of the magnetic topology. Therefore the ratio of both magnetic fluxes is a clear indication of the degree of organization of the observed magnetic field.
The convective Rossby number (Ro), which is the ratio of the rotation period and the convective turnover time, is believed to be the relevant parameter to study the impact of rotation on dynamo action in cool stars (Noyes et al. 1984) . In Table 1 , we mention Rossby numbers based on empirical convective turnover times derived by Kiraga & Stepien (2007) from the rotation-activity relation in X-rays. These turnover times are ad-hoc fitting parameters that reflect more the relation between activity and rotation at a given mass than an actual turnover time at a specific depth in the convection zone. However, the resulting Rossby numbers allow us to compare the effect of rotation on magnetic field generation in stars having different masses.
Instrumental setup and data reduction
Observations presented here were collected between June 2006 and July 2009 with the ESPaDOnS spectropolarimeter at CFHT . ESPaDOnS provides full coverage of the optical domain (370 to 1, 000 nm) in a single exposure, at a resolving power of 65, 000, with a peak efficiency of 15% (telescope and detector included).
Data Reduction is carried out with libre-esprit, a fully-automated dedicated pipeline provided to ESPaDOnS and NARVAL users, that performs optimal extraction of the spectra following the procedure described in that is based on Horne (1986) and Marsh (1989) . Each set of 4 individual sub-exposures taken in different polarimetric configuration are combined together to produce Stokes I (unpolarised intensity) and V (circularly polarised) spectra, so that all spurious polarisation signatures are cancelled to first order (Semel et al. 1993; . In addition, all spectra are automatically corrected for spectral shifts resulting from instrumental effects (e.g., mechanical flexures, temperature or pressure variations) using telluric lines as a reference. Though not perfect, this procedure allows spectra to be secured with a radial velocity (RV) internal precision of better than 0.030 km s −1 (e.g., Moutou et al. 2007 ).
The peak signal-to-noise ratios (S/N) per 2.6 km s −1 velocity bin range from 51 to 245, mostly depending on the magnitude of the target and the weather conditions. An overview of the observations is presented in Table 2 , the full journal of observations is available in the electronic version. Using the Least-squares deconvolution technique (LSD, ), polarimetric information is extracted from most photospheric atomic lines and gathered into a single synthetic profile of central wavelength λ0 = 750 nm (800 nm for VB 8 and 10). The corresponding effective Landé factor g eff (computed as a weighted average on available lines) is close to 1.2 for all the stars of our sample. The line list for LSD was computed from an Atlas9 local thermodynamic equilibrium model (Kurucz 1993 ) matching the properties of our whole sample, and contains about 5, 000 moderate to strong atomic lines. We notice a multiplex gain of about 10 (5 for VB 8 and 10) with respect to the peak S/N of the individual spectra of our sample. Although all the stars in the sample are active, some exhibit Stokes V LSD signatures just above noise level (e.g. DX Cnc), whereas on others we detect very strong signatures, with peak-to-peak amplitudes as high as 1.8% of the unpolarised continuum level (for WX UMa). Temporal variations, due to rotational modulation, of the Zeeman signatures is obvious for some stars, whereas it is very weak on others, depending e.g., on the inclination angle of their rotation axis with respect to the line of sight, the complexity and the degree of axisymmetry of their magnetic topology. For each observation we compute the corresponding longitudinal magnetic field (i.e. the line of sight projection) from the Stokes I and V LSD profiles through the relation: (Rees & Semel 1979; Wade et al. 2000) where v is the radial velocity in the star's rest frame, λ0, in nm, is the mean wavelength of the LSD profile, c is the velocity of light in vacuum in the same unit as v, g eff is the value of the mean Landé factor of the LSD line, and Ic the continuum level.
In the rest of the paper, all data are phased according to the following ephemeris:
where HJD0 = 2 453 850 for WX UMa, and HJD0 = 2 453 950 for the other stars; and Prot is the rotational period used as an input for ZDI and given in Table 1 .
DATA MODELLING
Zeeman Doppler imaging (Donati & Brown 1997 ) aims at assessing stellar magnetic topologies (at photospheric level), from the analysis of time-series of high spectral resolution spectropolarimetric observations. In this part we briefly remind the reader with the main properties of this technique and details of our implementation. A more complete description can be found in M08b and references therein. ZDI is an inverse problem, the associated direct problem consists in computing the Stokes I and V spectra for a given magnetic map. The stellar surface being sampled on a grid of ∼ 1, 000 cells, the local Stokes I and V profiles are computed from a model based on Unno-Rachkovsky's equations, for a given magnetic map. The magnetic field is decomposed into its poloidal and toroidal components and described as a set of spherical harmonics-like coefficients, as implemented by Donati et al. (2006b) . We introduce two filling factors that account for subgrid cancellation of polarised signatures corresponding to fields of opposite polarities, and allows us to accurately reproduce the LSD line profiles (M08b). The stellar spectrum is then obtained by a disk integration taking into account Doppler shift and limb-darkening.
Rotational modulation of polarised lines
In the presence of a magnetic field one can observe the Zeeman effect on spectral lines: (i) unpolarised lines (Stokes I) are broadened with respect to the null field configuration and (ii) polarised signatures (Stokes Q, U and V ) show up. Here we only study circular polarisation (Stokes V ), which is sensitive to the strength and polarity of the line-of-sight projection of the field. Because of the combination of stellar rotation and Doppler effect:
• The contribution of a photospheric region to the stellar spectrum is correlated with its longitude (at first order). Thus, as a magnetic region crosses the stellar disk under the effect of rotation, the corresponding polarised signal migrates from the blue to the red wing of the line.
• The amplitude of this migration depends on the spot's latitude (no migration for a polar spot, maximum migration from -v sin i to +v sin i for an equatorial one).
• The evolution of the signature during this migration (as the angle between the field vector and the line of sight changes with rotation) is characteristic of the field orientation (e.g. signature of constant polarity for radial field, and polarity reversal for azimuthal field).
Therefore, from a series of polarised spectra providing even and dense sampling of stellar rotation, it is possible to reconstruct a map for the photospheric magnetic field.
Magnetic field reconstruction: inverse problem
Starting from a null-field configuration, the series of spectra computed from a test field is iteratively compared to the observed one, until a given χ 2 r level is reached. As the problem is partly ill-posed (several magnetic configurations can match a data set equally well), the maximum entropy solution is selected. The spatial resolution of ZDI depends on v sin i as a rule of thumb. The highest degree available in the field reconstruction is: Table 2 . Synthetic journal of observations. Observation year and number of spectra collected are given in columns 2 and 3. Columns 4 and 5 respectively list the peak signal to noise ratio (per 2.6 km s −1 velocity bin) and the rms noise level (relative to the unpolarised continuum level and per 1.8 km s −1 velocity bin) in the average circular polarisation profile produced by Least-Squares Deconvolution (see text) -we precise minimum and maximum values obtained for each observing run. The average value and standard deviation of the longitudinal magnetic field (see Eq. 1) and the radial velocity measurements are given in columns 6 and 7. The rotation cycle bounds of column 8 are computed with the rotation periods mentioned in Table 1 for an inactive non-rotating M dwarf, M08a). The first term in the max function corresponds to the limit of high v sin i, when line broadening is mostly due to rotation and the line profile can actually be seen as one 1-D map of the photospheric magnetic field. The second term, ℓmin is the minimum resolution available in the low v sin i limit, when Doppler shift is small and the information on the field topology mostly comes from the temporal evolution of the shape and amplitude of the polarised signatures. ℓmin can range from 4 to 8 mostly depending on the signal to noise ratio of the data (D08, M08b).
Period determination
Since ZDI is based on the analysis of rotational modulation, important inputs of the code are: the projected equatorial velocity (v sin i), the inclination angle of the rotation axis with respect to the line of sight (i) and the rotation period (Prot). As no previous definite period measurement exists for any star of our late M subsample, we use ZDI to provide a constraint on this parameter. For each star, given the v sin i and the theoretical radius (corresponding to the stellar mass) we can derive an estimate of the maximum value for the rotation period as :
where Pmax is expressed in days, R⋆ in unit of R⊙ and v sin i in km s −1 . We test period values in a reasonable range (< 1.2 × Pmax), and derive the most probable period as the one resulting in the minimum χ 2 r at a given informational content (i.e. a given averaged magnetic flux value). We try to resolve aliases by comparing the multiple data sets available for each star. By fitting a parabola to the resulting χ 2 r curve close to the minimum, we derive the optimal value of Prot and the associated formal error bar (see M08b for more details). Since several data sets are available for each star, we mention the smallest 3σ error bar in Tab. 1. For all the studied stars periods inferred from different data sets are compatible with each other within the width of the associated error bars.
Uncertainties on the magnetic maps
Due to the use of a maximum entropy method, magnetic maps reconstructed with ZDI are optimal in the sense that any feature present in the map is actually required to fit the data. However this method does not allow us to derive formal error bars on the reconstructed maps.
Numerical experiments demonstrate that ZDI provides reliable maps and is robust with respect to reasonable un-certainties on various parameters and data incompleteness (e.g., Donati & Brown 1997) . In addition, our implementation based on spherical harmonics and poloidal/toroidal decomposition successfully reconstructs global topologies such as low-degree multipoles, as well as more complex configurations (e.g., Donati et al. 2006b ). We also find that ZDI maps are robust with respect to the selected entropy weighting scheme, provided that phase coverage is complete enough.
We try to assess the effects of the uncertainties on the input parameters (see Sec. 2.1), on the derived magnetic quantities in a similar way as Petit et al. (2008) . For each data set we perform several reconstructions with input parameters v sin i, i, and Prot varying over the width of the error bars and check the resulting map and its properties, thus providing a quantitative analysis of the robustness of our reconstructions to these uncertainties. We therefore obtain "variability bars" rather than formal error bars. Given the small uncertainties on the rotation period, varying this parameter within the 3σ error bar has negligible effect on the reconstructed maps. The magnetic quantities listed in Tab. 9 to characterize the repartition of magnetic energy into different components are affected in different ways by variations of the input parameters. In particular, the decomposition between poloidal and toroidal energy is very robust, the observed variation is less than 10 % of the reconstructed magnetic energy. The fraction of magnetic energy in axisymmetric modes varies by up to 20 % due to uncertainties on input parameters. The most important effect observed is a cross-talk between the dipole component and higher degree multipoles (in particular the quadrupole), the variation of the fraction of energy in the dipole is in the 10-30% range. The variability bars on the reconstructed magnetic flux are of the order of 30 %.
GJ 51
We have acquired a total of 24 spectra on GJ 51 split in 3 series collected on 3 successive years (see Tab. 2). All Stokes V spectra exhibit a strong signature of constant polarity (radial field directed toward the star). Temporal variation inside each data set is detectable and likely due to rotational modulation. It mainly consists of an evolution of the signature's amplitude. To our knowledge, no previously published measurement of Prot or v sin i exist for this star. From our LSD Stokes I profiles we measure mean RV values of −5.52, −6.36, and −6.60 km s −1 in 2006, 2007 and 2008, respectively . These values are in agreement with the previously published RV = −7.3 km s −1 (Gizis et al. 2002) . Our RV measurements also reveal a drift between the 3 epochs, too large to be due to convection and that may indicate a companion orbiting around this star. We also observe strong RV temporal variations inside each data set presumably due to magnetic activity (see Tab. 2), well above the intrinsic precision of the instrument (see Sec. 2.2). Our analysis of both the unpolarised and polarised spectra leads us to v sin i = 12 km s −1 and Prot = 1.02 d, this is close to the 1.06 d period derived from the MEarth 1 photometric data (J. Irwin, private communication). From these values Table 3 . Fit achieved for the 3 spectral time-series obtained on GJ 51. The imaging process is guided towards a mostly axisymmetric solution, see text. In columns 2 we give the maximum degree of spherical harmonics used for ZDI reconstruction. Columns 3-6 respectively list the initial χ 2 r (i.e. without magnetic field), the χ 2 r achieved with the imaging process, and the average and peak value of the magnetic flux on the reconstructed map. we infer R sin i = 0.24 R⊙, whereas for M⋆ = 0.20 M⊙ evolutionary models expect R⋆ = 0.21 R⊙. We conclude that the inclination angle of the rotation axis with respect to the line-of-sight must be high, and set i = 60
• for ZDI. We note that for Prot = 1.02 d none of our data set provide a complete sampling of the stellar rotation, the best one being the 2008 data set which covers 30% of the rotation cycle. Despite this poor phase coverage, Stokes V profiles collected at the 3 epochs are similar, suggesting that the magnetic field is stable and mostly axisymmetric.
Setting ℓZDI = 5 for the magnetic field decomposition, it is possible to fit each of our 3 data sets with χ 2 r =1. The resulting magnetic maps feature a strong non-axisymmetric component with a dipole tilted toward the observer, in particular those inferred from our 2006 and 2007 spectra. This is surprising, it is indeed very unlikely that we observe three times GJ 51 at the same phase (when the magnetic pole is crossing the line of sight).
The magnetic map reconstructed by ZDI is highly dependent on the precise form of the entropy, whereas it is generally not the case, indicating that this reconstruction is particularly ill-posed. We suggest this is due to the lack of information associated with the poor phase coverage, the reconstructed solution is strongly influenced by the maximum entropy constraint: the resulting map is therefore mainly composed of a spot of radial field facing the observer.
We perform another reconstruction of the magnetic field of GJ 51, with addition of a priori information in the process, so that it preferentially converges toward a mostly axisymmetric solution, as far as it allows to fit the data at the prescribed χ 2 level. This is done by putting a strong entropy penalty on non-axisymmetric modes, similarly to the method used by Donati et al. (2008a) to drive the reconstructed topology towards antisymmetry with respect to the center of the star. In these conditions, we can also fit our 3 data sets with χ 2 r =1. The resulting magnetic maps for the 3 epochs are very similar (Fig. 2) . The corresponding synthetic spectra are plotted along with the data on Fig. 1 . We find similar results at all epochs: the magnetic topology is almost purely poloidal and axisymmetric, it is mainly composed of a very strong dipole aligned with the rotation axis (see tables 3 and 9 for more details). The azimuthal and meridional component of the field somehow differ between the three epochs, but we consider that this is not significant given the weak constraint provided by our data. These maps are not the only solution permitted by our data, but we believe that they represent the most probable one.
Variability bars are of the same order of magnitude as for the other stars. The almost purely poloidal nature of the magnetic field is robust to uncertainties on the input parameters i and v sin i. In addition, when varying these parameters, the topology always features a strong purely axisymmetric component (i.e. more than 45% of the magnetic energy is reconstructed in m = 0 modes) and the main reconstructed mode is the radial component of a dipole aligned with the rotation axis. However, the values mentioned in Tab. 9 for GJ 51 should be considered cautiously as our data sets provide a weak constraint and the resulting magnetic maps are largely determined by the entropy function used. In particular, the high values of longitudinal field measured (see Tab. 2) indicate that the large-scale magnetic flux is indeed higher than those of mid-M dwarfs studied in M08b. But it is not clear whether the large-magnetic flux of GJ 51 is actually larger than that of WX UMa (see Sec. 7). A definite confirmation of the magnetic topology of GJ 51 requires multi-site observations to obtain a complete sampling of the rotation cycle due to a period close to 1 d.
GJ 1156
We poral variation is obvious on Figure 3 , we observe both variations of amplitude and polarity. We use v sin i = 17 km s −1 (Reiners & Basri 2007) which allows us to fit the observed polarised and unpolarised profiles, as opposed to the previously reported value (v sin i = 9.2 km s −1 , Delfosse et al. 1998) . We derive Prot = 0.491 d, although 1/3 d cannot be excluded as a possible period. This is confirmed by MEarth photometric periodogram which also exhibits a main peak at 0.491 d and another one at 1/3 d (J. Irwin, private communication). The corresponding R sin i is 0.16 R⊙. As evolutionary models predict R⋆ = 0.16 R⊙, we set i=60
• for ZDI. The rotation period being close to a fraction of day our observations (especially those of 2007) do not provide an optimal sampling of rotation phases, only our 2008 data set provides a reasonable sampling on more than half of the rotation cycle.
The data sets can be fitted down to noise level with ZDI for the 3 epochs of observation (see Tab. 4). The corresponding maps of surface magnetic flux are displayed in The reconstructed maps are quite robust to uncertainties on the input parameters (see Sec. 3.4). In particular, when varying these parameters, the fraction of magnetic energy reconstructed in non-axisymmetric modes (m > ℓ/2) is always higher than 70%. Using the alternative values Prot=0.33 d and i=40
• , the reconstructed magnetic maps do not change significantly. All the quantities listed in table 9 vary by less than 10 % of the total magnetic energy. The reconstructed magnetic flux variations range from 10 to 15 %. Considering these values therefore does not affect our conclusions.
GJ 1245 B
The M5.5 dwarf GJ 1245 B was observed during 3 successive years, for a total of 22 pairs of Stokes I and V spectra. The circularly polarised LSD signatures (see Fig. 5 ) have a moderate amplitude and exhibit strong variability (amplitude, shape and polarity) during an observation runpresumably due to rotational modulation. Variability also seems important between the different epochs, in particular in the 2009 data set the average amplitude of the signatures is significantly lower than at previous epochs, this is also visible in the longitudinal field measurements (see Tab. 2). We measure a mean RV = 5.4 km s −1 with typical dispersions of 0.1 km s −1 (see Tab. 2). This is compatible with the mean value of 5 km s −1 reported by Delfosse et al. (1998) . We use v sin i = 7 km s −1 (Delfosse et al. 1998 ; Reiners & Basri 2007) ; and find a rotation period of 0.71 d corresponding to a peak in the photometric periodogram produced by the HATNet 2 survey (J. Hartman, private communication). With these values of v sin i and period, we find R sin i = 0.10 R⊙, as the NextGen evolutionary model predicts R⋆ = 0.14 R⊙ we set i = 40
• for our study. Running ZDI on the LSD time-series, with the aforementioned parameters, we can achieve a good fit for the 3 epochs (see Fig. 5 and Tab. 5). The reconstructed magnetic field significantly evolves between two successive epochs, in particular the reconstructed magnetic flux has strongly decreased between our 2008 and 2009 observations. However the magnetic topologies feature similar properties: strong spots of radial field (although more than 40 % of the magnetic energy lies in non-radial field structures); a mostly nonaxisymmetric field (more than 50% of the magnetic energy) and a significant toroidal component (between 15 and 20% of the total magnetic energy). The mainly non-axisymmetric nature of the magnetic field in 2006 and 2008, as well as the presence of a significant toroidal component at all epochs are robust to uncertainties on stellar parameters (see Sec. 3.4).
WX UMA=GJ 412 B
Between 2006 and 2009, we observed the M6 dwarf WX UMa during 4 runs, collecting a total of 29 spectra. The LSD Stokes V profiles are very similar throughout the data set: a very strong (the peak-to-peak amplitude is close to 2% of the unpolarised continuum level) simple two-lobbed signature of negative polarity (i.e. corresponding to a longitudinal field directed toward the star). Temporal evolution inside each data set, presumably due to rotational modulation, is noticeable though weaker than what we observe on GJ 51. We measure average values ranging from RV = 69.95 to 70.25 km s −1 with a jitter ranging from 0.06 to 0.53 km s −1 (depending on the observation epoch, see Tab. 2). This is in agreement with RV = 68.886 km s −1 (single precise measurement by Nidever et al. 2002 , on GJ 412A). We use v sin i = 5.0 km s −1 ) which accounts for Zeeman broadening and results in better agreement with our Stokes I and V LSD profiles than the previous value of v sin i = 7.7 km s −1 inferred from correlation profiles (Delfosse et al. 1998) . From the circularly polarised LSD profiles we infer Prot = 0.74 d. With this rotation period, our 2007 data cover half of the rotation cycle, and the 3 other data sets result in a good phase coverage. The comparison of the resulting R sin i = 0.073 R⊙ with R⋆ = 0.12 R⊙ (from theoretical models) indicates an intermediate inclination angle, we set i = 40
• . Although only the 2006 data set can be fitted below χ 2 r = 1.0 (see Tab. 6), the ZDI synthetic Stokes V profiles match well the evolution of the LSD signatures for all epochs, as shown in Fig. 7 . The corresponding magnetic maps are presented in Fig. 8 : they all feature a strong polar cap of radial field (of negative polarity, i.e. field lines directed toward the star) reaching a maximum flux of approximately 4 kG, whereas the magnetic flux averaged over the visible fraction of the star is about 1 kG. Azimuthal and meridional field structure are much weaker. The topology is very simple, modes with degree ℓ > 4 can be neglected, the dipole modes encompass more than 60% of the reconstructed energy at all epochs. Toroidal and non-axisymmetric components of the field are very weak. The evolution of the magnetic field over successive years is very weak, the maps are strikingly similar. These conclusions are robust to uncertainties on stellar parameters (in particular i and v sin i). When varying these parameters over the width of their respective error bars (see section 3.4) the reconstructed magnetic field of WX UMa is always almost purely poloidal, mostly axisymmetric, and the main mode is the radial component of a dipole aligned with the rotation axis.
DX CNC=GJ 1111
We carried out 3 observation runs on DX Cnc between 2007 and 2009, resulting in 21 pairs of Stokes I and V spectra. The LSD polarised profiles are displayed in Fig. 9 , the Zeeman signatures have low amplitudes but are definitely detected in several spectra. The amplitude and shape of the circularly polarised line dramatically evolve during each observing run, presumably due to rotational modulation. From the LSD profiles, we measure average RV ranging from 10.44 to 10.67 km s −1 , with a jitter strongly depending on the observing epoch (see Tab. 2), in agreement with the previously published values (RV = 9 km s −1 in Delfosse et al. 1998 ; RV = 10.1 km s −1 in Mohanty & Basri 2003) . We use v sin i = 13 km s −1 (Reiners & Basri 2007) , and Prot = 0.46 d (inferred from our data). As the resulting R sin i = 0.12 R⊙ is already higher than R⋆ = 0.11 R⊙ predicted by theoretical models, we assume a high inclination angle of the rotation axis and set i = 60
• for the imaging process. Our 2007 and 2008 data sets provide a reasonable phase coverage and the 2009 one results in a good sampling of the stellar rotation.
Both the mean longitudinal field and the standard deviation from this value get weaker from one observing run to the next one, indicating intrinsic variability of the magnetic field. Using the ZDI tomographic imaging code, we can fit the 3 data sets down to χ . This last point is strengthened by the fact that for a given topology, ZDI recovers less magnetic flux for a dataset providing partial phase coverage (due to the maximum entropy constraint), whereas here the larger flux is 
GJ 3622
GJ 3622 was observed in 2008 and 2009, we collected 8 and 5 sequences, respectively. In spite of relatively low S/N (due to a low intrinsic luminosity), Stokes V signatures are clearly detected in several spectra and variations are undoubtedly noticeable (see Fig. 11 ). From our data sets we infer Prot = 1.5 d, and use v sin i = 3 km s −1 reported by Mohanty & Basri (2003) , resulting in R sin i = 0.09 R⊙. Our data sets provide a reasonable phase coverage with this period. As evolutionary models predict R⋆ = 0.11 R⊙ for a 0.09 M⊙ M dwarf, we set the inclination angle to 60
• for the imaging process.
Setting ℓmax = 2, given the very weak signal detected, it is possible to fit our 2 data sets down to noise level (see Tab. 8). The corresponding magnetic maps (see Fig. 11 ) are very similar. A radial field spot of negative polarity, i.e. field lines directed toward the star, is located at mid-latitudes. Magnetic flux reaches up to 110 G in this region. Azimuthal and meridional fields are much weaker, the toroidal component represents less than 10 % of the overall magnetic energy at both epochs. The reconstructed topology is close to a tilted dipole: less than 10 % of the magnetic energy is reconstructed in ℓ = 2 modes, and the axisymmetric component stands for more than 80 % of the energy content. The data being very noisy the simple topology reconstructed by ZDI likely reflects the lack of information in the polarised spectra.
OTHER STARS
For five stars of our sample we collected time series of polarised spectra but could not produce a definitive magnetic map. For GJ 1154 A, GJ 1224 and CN Leo (GJ 406) we detect very strong and simple signatures (see Fig. 12 ). To our knowledge, no rotation periods have been measured for these stars and our data sets do not allow us to conclude, either because of low intrinsic variability of the Zeeman signature or poor phase sampling. Although we cannot compute a magnetic map for these stars, the collected spectra unmistakably show that they host very strong large-scale magnetic fields (longitudinal fields are about 600 G). Strong magnetic fields (total magnetic fluxes in the 2-3 kG range) have been previously detected on these stars by Reiners & Basri (2007) and from the analysis of unpolarised spectra (see Tab. 1). The simple signatures (two-lobbed antisymmetric) featuring very low variability also clearly suggest that these fields are mostly poloidal, strongly axisymmetric and presumably dominated by low degree modes, similar to what we observe on GJ 51 and WX UMa for instance. The low dispersions of longitudinal fields and RV values in each data set may indicate that phase sampling is loose and thus rotation period close to a fraction of day, or/and that these stars are observed nearly pole-on.
For the faintest stars of the sample VB 8 (GJ 644 C) and VB 10 (GJ 752 B), the Stokes V signatures are too weak to be definitely detected in individual LSD spectra. The initial χ 2 r 0 are respectively equal to 1.089 and 1.150. LSD signatures observed on these stars are shown on Figure 13 . By averaging all the LSD profiles of a data set, the noise level is decreased but only features visible on all spectra -corresponding to the axisymmetric component of the field, if rotation sampling is even -remain visible. The resulting signal shown in Fig. 13 (bold red line) is processed with a zero phase shift low-pass filter to remove the frequencies higher than permitted by the instrumental profile (width of 4.6 km s −1 , or 2.5 LSD pixels). For VB 8, the averaged LSD profile does not feature any significant signal (χ 2 r =0.99), indicating that the axisymmetric component of the magnetic field of this star is too weak to be detected. The averaged profile of VB 10 features a weak but distinguishable signature corresponding to χ 2 r = 1.90. It suggests the presence of a large-scale magnetic field having a significant axisymmetric component, but further observations are needed to confirm this point. From observations in unpolarised light, Reiners & Basri (2007) report total magnetic fluxes of 2.3 and 1.3 kG on VB 8 and VB 10, respectively (see Tab. 1). The very weak Stokes V signatures observed here (with corresponding maximum longitudinal fields of the order of 100 G) suggest that the magnetic field of these stars is mainly structured on small spatial scales.
Performing a ZDI analysis on the VB 10 time series, we find 2 possible rotation periods: 0.52, and 0.69 d, the second being favored by photometric measurements (MEarth project, J. Irwin, private communication). Figure 14 shows the fit achieved for Prot = 0.69 d, i = 60
• and the corresponding magnetic maps. As expected from the signature shape (non antisymmetric with respect to the line centre), the reconstructed magnetic field exhibits a significant axisymmetric toroidal component. A non-axisymmetric poloidal field (tilted quadrupole, mode α22) is also reconstructed to fit the Stokes V component that varies along rotation.
DISCUSSION AND CONCLUSION
We present the final part of our exploratory spectropolarimetric survey of M dwarfs, following D08 and M08b (respectively concentrating on mid and early M dwarfs) we focus here on the low mass end of our sample. For 6 stars, it is possible to apply ZDI techniques to the time-series of circularly polarised spectra and thus to infer the large-scale component of their magnetic topologies. The properties of the reconstructed topologies of these stars are presented in Table 9 . For the remaining 5 objects, the data sets do not permit such a study, it is however possible to retrieve some constraints about their magnetic properties.
Two stars of the subsample (namely GJ 51 and WX UMa) exhibit large-scale magnetic fields very similar to those observed by M08b on mid M dwarfs, i.e. very strong, axisymmetric poloidal and nearly dipolar fields, with very little temporal variations. For three stars for which we cannot perform a definitive ZDI reconstruction (GJ 1154 A, GJ 1224 and CN Leo) our data strongly suggest similar topologies. From the observations of WX UMa, we demonstrate that the timescale of temporal evolution in the magnetic topologies of these stars can be larger than 3 years, whereas previous observations by M08a and M08b were based on observations spanning only 1 year.
The other stars for which we can reconstruct the largescale magnetic topologies, are clearly different. They are weaker than those of the first category, and generally feature a significant non-axisymmetric component, plus a significant toroidal component (although the field is always predominantly poloidal). Temporal variability is also noticeable, in particular for GJ 1245 B our data indicate unambiguously that the magnetic field strength has dramatically decreased These results are presented in a more visual way in Fig. 15 . Previous studies by D08 and M08b have revealed strong evidence that a clear transition occurs at approximately 0.5 M⊙ i.e. more or less coincident with the transition to a fully convective internal structure. The situation here is different, we find stars with similar stellar parameters that exhibit radically different magnetic topologies. On  Fig. 15 , WX UMa is the only star below 0.2 M⊙ to host a mid-M-dwarf-like field. Whereas DX Cnc and GJ 1245 B are very close to it in the mass-rotation plane they feature Table 9 . Magnetic quantities derived from our study. For each star, different observation epochs are presented separately. In columns 2-4 we report quantities from Table 1 , respectively the stellar mass, the rotation period, and the effective Rossby number. Columns 5, 6 and 7 mention the Stokes V filling factor, the reconstructed magnetic energy and the average magnetic flux. Columns 8-11 list the percentage of reconstructed magnetic energy respectively lying in poloidal, dipole (poloidal and ℓ = 1), quadrupole (poloidal and ℓ = 2), and octupole (poloidal and ℓ = 3) modes. In column 12, we mention the percentage of magnetic energy reconstructed in axisymmetric modes (defined as m < ℓ/2) and the percentage of poloidal energy in axisymmetric modes. See section 3.4 for a discussion on the robustness of magnetic map reconstruction and the uncertainties associated with the derived quantities.
GJ 51 fields with very different properties. This observation may be explained in several ways. For instance, another parameter than mass and rotation period, such as stellar age, may play a role. In our sample we indeed notice that most stars below 0.15 M⊙ that exhibit a weak complex field belong to a young kinematic population according to Delfosse et al. 1998 (GJ 1156, DX Cnc and GJ 3622) , whereas those hosting a strong dipolar field (WX UMa, GJ 1224 and CN Leo) belong to older kinematic populations (old disk and old/young disk). This hypothesis requires further investigation. One could also imagine, for instance, that the magnetic fields of very low mass stars may switch between two different states over time. This hypothesis is supported by the fact that for one of the stars in the weak and complex field regime (GJ 1245 B) we observe a dramatic variation of the magnetic flux on a timescale of one year which may indicate that the magnetic field of these objects may go through chaotic variations and eventually switch between the two categories of field actually observed. However no such switch has been observed in our sample. We observe 5 objects in the strong dipole field category (GJ 51, GJ 1154 A, GJ 1224, CN Leo and WX UMa) and 6 in the weak field category (GJ 1156, GJ 1245 B, DX Cnc, GJ 3622, VB 8 and VB 10) , indicating that stars would spend as much time in both states. No star is observed in an intermediate state, suggesting that a putative transition would be fast. This hypothesis may be investigated through the analysis of long-term radio monitoring, since radio emission would be presumably strongly impacted by such a dramatic change of the stellar magnetic field. Recent observations of ultracool dwarfs reveal a longterm variability of the activity indices (e.g., Antonova et al. 2007; Berger et al. 2010 ) that may support this view.
On the left panel of Fig. 16 , we plot the reconstructed magnetic flux as a function of the Rossby number. As mentioned in D08, stars with M⋆ > 0.4 M⊙ follow the expected rotation-magnetic field connection, with saturation for Ro 0.2. Whereas for M⋆ > 0.4 M⊙, we only observe objects in the saturated regime, with a significantly stronger saturation magnetic flux. All the stars of the late M subsample have Rossby numbers below 2 × 10 −2 and are thus expected to be in the saturated regime. As in Fig. 15 the stars studied here can be divided into two distinct categories. The first one is composed of stars hosting a very strong magnetic field that lie in the saturated part of the rotation-activity relation, similar to mid M dwarfs. We notice that significantly higher magnetic fluxes are reconstructed for WX UMa and GJ 51 than for mid M dwarfs studied by M08b, although all these stars seem to lie in the saturated dynamo regime. For the second category of late M dwarfs (having a weak complex field), we recover less magnetic flux (even less than for some early M dwarfs studied by D08), in spite of their very low Rossby number. Super-saturation is unlikely to be the explanation since stars of both categories have similar Rossby numbers. As mentioned for Fig. 15 , we observe no object in an intermediate state. The aforementioned variability of GJ 1245 B is also prominent in this plot. On the right panel of Fig. 16 , magnetic flux inferred from Stokes V measurements are compared to those derived from Stokes I. Again, stars with masses below and above 0.4 M⊙ studied by D08 and M08b clearly form two separate groups. In partly-convective stars only a few percents of the magnetic flux measured in I is detectable in V similarly to what is observed for the Sun, while this ratio is close to 15% in fully convective ones. This indicates a higher degree of organization of the field in fully convective mid M dwarfs, with more magnetic flux in the spherical harmonics of lowest degree. The ratios of about 30% plotted for WX UMa are upper limits (since the flux based on Stokes I is a lower limit), it is thus not clear if this star differs from mid M dwarfs in this respect. This high value however indicates a high degree of organization. For DX Cnc, GJ 1245 B and GJ 1156, the ratio of Stokes V and I fluxes is closer to the early M dwarfs value. Therefore the magnetic fields of the weak field category of late M dwarfs share similar properties with that of partly convective M dwarfs.
These results on the magnetic topologies of M dwarfs also suggest that dynamo processes in low-mass main sequence stars and pre-main sequence stars may be similar. Indeed the first spectropolarimetric results on young stars show that the fully convective T Tauri star BP Tau (0.7 M⊙) exhibit a strong large-scale magnetic field , whereas the more massive partly convective star V2129 Oph (1.4 M⊙) possesses a weaker and more complex field ). This is reminiscent of the transi- tion we observe at 0.5 M⊙ among main sequence M dwarfs. Recent observations, on the fully convective V2247 Oph (0.35 M⊙) reveal a still weaker and more complex magnetic field (Donati et al. 2010 ) which may correspond to the weak field late M dwarf we present here.
We do not detect Stokes V signatures in individual spectra of the two latest stars of our sample VB 8 and VB 10. However the averaged LSD profile of VB 10 suggests the presence of a toroidal axisymmetric field component on this object. Further observations may confirm this first spectropolarimetric detection on an ultra-cool dwarf.
The first spectropolarimetric survey of M dwarfs has already provided dynamo theorists with strong constraints on the evolution of surface magnetic fields of M dwarfs across the fully convective divide (D08 and M08b). The results presented in this paper on the magnetic topologies of late M dwarfs reveal a new unexpected behaviour below 0.2 M⊙. We interpret the fact that objects with similar stellar parameters host radically different magnetic topologies as a possible evidence for a switch between two dynamo states (either cyclic or chaotic). Finally our observations suggest the presence of a large-scale magnetic field on the M8 dwarf VB 10, featuring a significant toroidal axisymmetric component, whereas the detection of the magnetic field of VB 8 (M7) is not possible from our spectropolarimetric data. Table A1 . Detailed journal of observations for GJ 51. Columns 1-7 list the UT date, the heliocentric Julian date, the UT time, the exposure time, the peak signal to noise ratio (per 2.6 km s −1 velocity bin) and the rms noise level (relative to the unpolarised continuum level and per 1.8 km s −1 velocity bin) in the average circular polarisation profile produced by Least-Squares Deconvolution (see Sec. 2.2). In column 7 we indicate the longitudinal field computed from Eq. 1. Column 8 lists the radial velocities (absolute accuracy 0.10 km s −1 , internal accuracy 0.03 km s −1 ) associated to each exposure. The rotational cycle E from the ephemeris HJD = 2 453 950 + 1.02 E is mentioned in column 9. Table A4 . Detailed journal of observations for WX UMa. See Table A1 for more details. Data are phased according to the ephemeris 
